In this study, we present a new method to calculate debris flow slurry impact and its distribution, which are critical issues for designing countermeasures against debris flows.
Introduction
Debris flow impact force includes slurry impact and huge rock impact, which provide the mechanical bases for checking engineering structures, including calculations for antisliding and anti-overturning [1] [2] [3] [4] . e magnitude of the slurry impact force is one of the most important parameters for the Sabo dam design determining the movement of debris flow and its impact on the dam, especially for debris flow without huge rocks. Many formulas have been proposed to calculate the debris flow impact. Fei and Shu [5] conducted theoretical analysis and many simulation experiments on impact force and established a calculation model of the debris flow impact, according to different particle movement types. He et al. [6] proposed several methods for calculating the impact force of the large rock mass on the basis of elastoplastic theory. Chen et al. [7, 8] simplified the debris flow as solid-liquid two-phase flow and established the calculation of the two phases of the debris flow based on the theory of phase flow velocity as well as debris flow impact time. Armanini and Scotton [9] proposed a formula for the impact force based on a momentum conservation analysis to study the impact force of debris flow. Zeng [10] systematically studied differences in the vertical distribution of the impact force of debris flow and evaluated building vulnerability. e formulas to calculate the impact force of debris flow are given in Table 1 .
e formulas in Table 1 are modified by the theoretical formula based on the energy method. e correction coefficient which is empirically based varies according to the factors considered.
e theory of the energy method is derived by hydraulics, which is suitable for the general uniform flow, such as water, but it is not suitable for nonuniform flow [16] [17] [18] , such as debris flow. A debris flow is a rapid, gravity-driven mass movement that involves water-charged, predominantly coarse-grained inorganic and organic materials. A positive correlation does not necessarily exist between the impact force of debris flow and the square of the mean velocity. Simply adding the correction coefficient does not guarantee the accuracy of the formula; as such, further discussion and improvement of the current methods are required.
Conversely, we usually take the debris flow impact force on the prevention engineering as a uniform distribution according to the maximum impact force. is makes the predicted overall structure resistance much larger than the actual overall structure resistance. Meanwhile, to ensure the safety of the weakest part, we also waste the construction material on the safer part such as the both sides of the top edge of the dam. Some scholars have studied the distribution of the impact force of the debris flow through an inhomogeneous distribution of flow velocity [19, 20] . Han et al. [21] presented a new approach for exploring the debris flow velocity distribution in a cross section that used an iteration algorithm based on the Riemann integral method to search an approximate solution to the unknown flow surface. In fact, their work emphasized the effect of terrain on the distribution of velocity and the impact force but did not consider internal interactions of debris flow and external interactions to the both sides of the channel.
In this paper, we arrange sensors at different positions on the dam and analyze the different debris flow slurry impact on the dam with various densities, channel slopes, and dam front angles through the laboratory flume experiment test.
is study shows that the force of debris flow on the dam is unevenly distributed, and the impact force is large in the middle and small at both ends. We systematically analyzed the factors influencing the calculation of the maximum impact force in the middle point and give the quantitative law of decay from the middle to the sides. We propose a method for calculating the distribution of the debris flow impact force on the whole section and provide a case to illustrate this method.
Physical Model
We conducted our experiments in a debris flow simulation laboratory at the Institute of Mountain Hazards and Environment, which belongs to the Chinese Academy of Sciences (CAS). e flume consists of seven parts: hopper, flume, tailings poll, dam model, camera, gate, and acquisition instrument. Figure 1 is a schematic illustration of the model experiment.
e cube hopper is 60 cm in length, 60 cm in width, and 80 cm in height. It has the capacity of 0.1 m 3 , and it is affixed to the flume and controlled the discharge from the gate. We conducted our experiments in a flume with a length of 400 cm, a width of 30 cm, and a height of 40 cm. e gradient of the flume was adjustable from 0°to 20°. We placed a dam model at the bottom of the flume. e dam modeled has a surface slope of 63°. We used the tailings pool to recycle the debris flow.
e distance between the front edge of the dam model and the gate is 6 m, which helps to stabilize the debris flow velocity and prevents rapid changes at the impact location. We installed eight sensors on the surface of the model dam. Figure 2 shows the size of the surface of the dam, the surface size of the sensor, and the location of the sensor arrangement.
In this study, we used a piezoelectric-type sensor whose range is 0-100 kPa with a sensitivity of 0.1%. e acquisition frequency is 2 kHz, and the sampling duration is 32 s. We opened the gate, and the debris quickly flowed out and affected the model dam under the action of gravity. Sensors installed on the dam can quickly collect the impact force of debris flow on the dam. We obtained impact force data by computer processing. Figure 3 shows the impact of debris flow on the dam. e experimental process does have errors, including electromagnetic interference and improper operation. We completed three repetitions to obtain intermediate data to minimize these errors.
We collected experimental material samples from sites located in Gan Gully, which is the Level 1 tributary canal of the Yinchang Gully in the upper stream of the Qian River in the Longmen mountain town of Pengzhou, Sichuan Province. is location experienced an outbreak of large-scale debris flow at the night of August 18, 2012. e specific sampling sites were located on the eastside of the alluvial fan.
e maximum particle size of the experimental materials was 20 mm. We took five random samples for grain-size distribution analysis before conducting the experiments. Figure 4 shows the grain-size distribution of the experimental materials.
We mainly considered the effect of debris flow densities and channel slopes on the impact force. Meanwhile, the mass volume of debris flow was a major factor for designing countermeasures against debris flows in the field. In addition, we explored whether the dam front angles affected the impact force.
erefore, we designed three tests groups. Group A mainly analyzed the influence of debris flow density and channel slope on impact force. Group B mainly analyzed the influence of dam front angles on the impact force combined with Group A. Group C mainly analyzed the influence of debris flow mass volume on the impact force combined with Group A. After setting up the experimental apparatus and preparing the experimental materials, we carried out 33 group tests according to the experimental scheme shown in Tables 2 and 3 . 
Number
Formula for debris flow impact Reference [13] and Zhou [14] 
0. 6 Hübl and Holzinger [15] 
Zeng [10] P is the debris flow impact force; ρ s is the debris flow density; H is the mud depth; v is the mean velocity of the debris flow; g is the acceleration of gravity; λ is the shape correction coefficient; c c is the gravity density of the debris flow; β is the impact angle; A is the cross-sectional area; k is the empirical coefficient; F r is the Froude number. Figure 2 ), and these positions are directly affected by the impact of debris flow. e first three sensors are arranged within the depth of the mud, whereas the others are arranged upon the mud depth (as seen in Figure 2) . rough theoretical analysis, we know that the greater the velocity in the range Shock and Vibration 5 of the mud depth, the greater the impact force. erefore, the impact at the surface of debris flow is supposed to be the maximum. Above this mud depth, the impact force is caused by the debris flow superelevation, which is obviously smaller than the force in the range of the mud depth [10] . Meanwhile, data from sensor 2 is the largest among the first three sensors, and we selected the data from sensor 2 to analyze the maximum impact force. We used a high-resolution camera to measure the average velocity of debris flow and applied formulas 2, 4, and 6 in Table 1 . We compared the results with the data from sensor 2 (as shown in Figure 5 ). e red lines in Figure 5 represent the linear fitting of the experimental values and the calculated values of the impact force of debris flow. Figure 5 shows that the correlation coefficient between our experimental results and the calculation formulas of Chen [11] , Li [11] and Zhou [14] , and Zeng [10] are 0.57, 0.56, and 0.79, respectively. e results of the calculation by Li [11] and Zhou [14] are obviously larger than the experimental results. is difference is due to their correction being based on the integration of actual measurement data in the field, including the impact of large stones. e results of Chen's (1983) calculation are in the same range as the experimental results, but the correlation coefficient is poor.
e calculated results by Zeng [10] are best fitting the experimental results, but Zeng still used average velocity. In fact, the velocity distribution is not uniform, and the maximum impact force should be related to surface velocity, which is the maximum velocity.
erefore, this paper tries to find the relationship between the surface maximum velocity and the maximum impact force and proposes a new method to calculate the impact force of the maximum debris flow.
e Influence of Debris Flow Density on Impact Force.
We used the same dam model for the upstream slope that we used to determine the maximum impact force. In this case, we analyzed the various debris flow impact force with various debris flow densities under the same scale of debris flow (quality) and the same channel characteristics (flume slope).
e experimental results show that when the channel characteristics (flume slope), the dam model upstream slope ratio and the debris flow scale (quality), are the same, the value of the debris impact force does not necessarily increase along with the debris flow density. Figure 6 shows that when the flume slope is 15°, the debris flow impact force decreases gradually, with debris flow density changing from 13 kN/m , the effect of density on impact force is more significant than that of velocity, although it is still reducing. As the flume slope is bigger, bending becomes more obvious and looks like a "hook," as shown in Figure 6 .
3.3.
e Influence of Flume Slope on Impact Force. Similarly, we used the same method to analyze the influence of the channel slope on impact force. We used the same dam model for the upstream slope. In this case, we analyzed various debris flow impact forces with various flume slopes under the same scale of debris flow (mass volume) and the same property of debris flow (density). e experimental results show that the steeper the flume slope, the bigger the impact force. is is because the flume slope directly affects the velocity of debris flow. Figure 7 shows the relationship between the maximum impact force and the flume slope, where c c is the density of the debris flow. Corresponding to the density for all five slopes, the greater the slope, the greater the impact value. As density increases, this increasing trend becomes more obvious. Figure 8 shows the experimental result. Our study indicates that the effect of the dam model upstream slope on impact force is not obvious. When the debris flow density was 13 kN/m 3 , the maximum impact force was 8.2 kPa, 9 kPa, and 8.7 kPa for the upstream slope ratios of 63°, 76°, and 90°, respectively. When the debris flow density was 17 kN/m 3 , the maximum impact force was 5.4 kPa, 5.3 kPa, and 5.5 kPa for the upstream slopes of 64°, 77°, and 90°, respectively. e change of the impact value is within 10%. is phenomenon is mainly related to the inhomogeneity of the material composition of the debris flow, which results in a different impact direction of the internal particles.
e Influence of Dam
ese particles are randomly distributed, and a relationship does not necessarily exist between debris flow impact value and dam model upstream slope. erefore, we do not use the model dam upstream slope in the calculation of the maximum impact force. , and used the flume slope of 15°. We changed only the debris flow mass volume (60 L, 90 L, and 120 L) and analyzed the impact force. Figure 9 shows the experimental result. Experimental data shows that the impact force of debris flow has a linear positive correlation with the mass volume of debris flow, and the greater the mass volume, the greater the impact. As shown in Figure 9 , when the debris flow density was 17 kN/m 3 , the debris flow impact force increased by 5 kPa and 5.5 kPa, respectively, and the debris flow mass volume increased from 60 L to 90 L and then to 120 L. When the debris flow density was 19 kN/m 3 , the debris flow impact force increased by 2 kPa and 4 kPa, respectively, and the debris flow mass volume increased from 60 L to 90 L and then to 120 L. e reason for this phenomenon is that the flow mass volume would change the mud depth, which is related to the velocity of the debris flow. Table 4 provides the measured results of the mud depth of the debris flow varying with the mass volume.
e Influence of Debris Mass

e Influence of Debris Flow Velocity on the Impact Force.
Compared with the analysis of the influence of debris flow density, flume slope, model dam upstream slope, and debris flow mass volume, we found that the effects of these factors on impact force are all related to debris flow velocity. erefore, Zeng [10] used the Froude number to calculate the impact, which had good compatibility with the experimental data, and used mean velocity to calculate the Froude number. e velocity of debris flow is unevenly distributed in the range of mud depth, and surface velocity is much larger, which may introduce an error in the calculation. Furthermore, we studied the relationship between impact force and debris flow surface velocity using this experimental method. Figure 10 shows the experimental results. e experimental results show that the larger the debris flow surface velocity, the larger the impact force. As density increases, this trend becomes more obvious. As shown in Figure 10 , a bigger density corresponds to a larger debris flow surface velocity and a greater increase in the impact force. is finding is different from that given in Section 3.2; changing the density not only changes the impact force but also changes the debris flow surface velocity. Additionally, both the debris flow surface velocity and density will affect the impact force. Furthermore, we define the following three dimensionless parameters in Equations (1)-(3) to show this trend of change:
Based on this dimensionless analysis, the relationship between these 3 dimensionless parameters is defined in Equation (4):
Using this method, we established the empirical equation using nonlinear multiple regression analysis. We indicated that the relationship among these three dimensionless numbers depends on a series of experimental data, as shown in Equation (5):
e correlation coefficient between the measured value and predicted value is 0.87, and the maximum deviation is ±29%. Figure 11 shows the comparison between the measured and predicted P/(ρ w v 2 s ) by Equation (5) . e fitting results show that using the debris flow surface velocity for the dimensionless parameter analysis, the positive proportional relationship between the impact and the surface velocity squared is obvious and the scale coefficient is related to debris flow density. e new formula fully embodies the characteristics of debris flow and is directly related to the debris flow surface velocity, which is the reference value of the maximum debris flow impact force. 
The Lateral Distribution of Debris Flow Impact and Surface Velocity
After the analysis of the calculation of the maximum impact force of debris flow, we focus on the difference on the collected data between sensor 2 and sensors 1 and 3, namely, the lateral distribution of debris flow impact. We set one end of the dam as the origin of the coordinate and assume that the distribution of the impact force of the debris flow is symmetrical in the center of the dam model. Figure 12 shows the experimental results for debris flow density of 13 kN/m. e horizontal ordinate is the ratio of the distance between the measuring points to the sidewall and the width of the whole dam. e longitudinal coordinate is the relative impact value compared with the maximum impact force.
e experimental results show that the force of debris flow on the dam is distributed unevenly. Debris flow velocity is greater in the middle and decreases gradually to the both sides. At the same time, the velocity of debris flow at the sidewall is 0, and the impact force of the debris flow at the sidewall is 0. For the magnitude of the impact force values of different debris flow positions, we fit the curve equation of the relative impact force between the relative position and the relative impact force and found that the logarithmic fitting curve better reflected the experimental results.
erefore, we propose a logarithmic model to calculate the lateral distribution of the impact force of the debris flow as follows:
where k F is the dimensionless reduction coefficient, namely, k F � P x /P m , and a is the dimensionless calculating distance a � x/(B/2). Using the analysis in Equation (6), we find that it is an increasing function, and the range of the independent variable is 0 to 0.5. is indicates the lateral impact force of debris flow and the reduction characteristic of the middle to the sidewall. e velocity quickly decreases to zero when approaching the both sidewalls. e defect of this model is that when calculating the location of the sidewall, the independent variable cannot reach 0 and only can obtain the minimum value approaching 0. At the same time, when the independent variable is 0.5, the calculation result may be slightly larger than that of 1, but the error is quite small, which can meet the needs of actual debris flow prevention and control engineering.
Furthermore, we analyzed the coefficients κ 1 and κ 2 , which are the two essential parameters in Equation (6) . We established an empirical equation using nonlinear multiple regression analysis and analyzed the relationship between κ 1 , κ 2 and three dimensionless parameters (F r , c 0 , and s) on a series of experimental data as shown in the following equations:
where s is a dimensionless parameter obtained by dividing mud depth H by unit length. e correlation coefficient between the k F measured and k F predicted is 0.94, and the maximum deviation is ±12%. Figure 13 shows the comparison between the measured and predicted k F by Equation (6) . Our method provides a basis for quantifying the lateral distribution of the impact force. 
Shock and Vibration 9
We assumed that impact and surface velocity are positively correlated and that the scale coefficient is related to the debris flow density from Equations (1) and (5). erefore, we used a reduction coefficient k v to show the decreasing trend of debris flow surface velocity and obtained the distribution of debris flow surface velocity as Equation (9) from Equations (6)-(8), as follows:
Note that we obtained the surface velocity distribution derived from Equation (6) without considering the variation of mud depth. In Section 5, we will analyze the distribution of debris flow velocity at any point in the debris flow section.
The Calculation Method of the Distribution of Debris Flow Impact on a Section
In this paper, we used the Bingham model to calculate the velocity of debris flow [22] [23] [24] [25] [26] . In the Bingham model, it is understood that velocity is not evenly distributed vertically; however, a uniform section of velocity is referred to as "plug." Plug is the scope of h 0 in Figure 14 . Below the plug, the velocity of the debris flow decreases quickly and the bottom velocity is zero. e shear force τ in the Bingham model is
where η is the coefficient of the viscosity and τ B is Bingham limit shear stress. e shear force is
where c c is the bulk density, H is the mud depth, and J is the slope of the gully. By combining Equations (10) and (11), we were able to obtain the velocity below the plug, based on vertical integration, as follows:
e thickness of the plug is
e velocity at the top of the "nonplug" is equal to the velocity in the plug section, and the surface velocity is the velocity in the plug section, as follows:
Furthermore, we put forward a calculated method for the debris flow impact distribution, which uses mass conservation [20] and takes the difference of velocity in the horizontal direction into account. A debris flow section is shown in Figure 15 . We set the lowest point as O point and the horizontal line at O point as the baseline and the elevation of O point is 0. Take the appropriate number of points as P 1 , P 2 , . . . , P n with transverse coordinates of x 1 , x 2 , . . . , x n , and the elevation values are
Furthermore, we established the following equation:
en, we are able to get two points (x b , h 0 − h ′ ) and (x c , h 0 − h ′ ) as shown in Figure 15 .
We divide the section into n parts along the x direction. When n tends to infinity, each part is nearly a rectangular section whose elevation is h(x), length is dx, and mud depth is h 0 − h(x). For the position of the maximum mud depth, it is generally the center of the debris flow section, and the longitudinal velocity distribution using the Bingham model is 
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By combing Equations (9) and (16), we are able to obtain the velocity at any position on the debris flow section:
For a microunit of the section (x b ≤ x ≤ x c ), the debris flow discharge can be calculated as follows:
Sum these n microunits, and we obtain the whole section discharge as follows:
e relationship between section discharge Q and maximum mud depth H can be deduced by Equation (19), Bingham limit shear stress τ B , debris bulk density c c , and the slope of the gully J; we measured the coefficient of the viscosity η by a field investigation and rheological experiment of debris flow.
By combining Equations (16)- (19), we obtain the velocity distribution on a section by the following equation:
We take the value of v(x, y) in Equation (5) to calculate the impact force at any point on the section and obtain the distribution of impact force by the following equation:
We selected the data of the impact force of the debris flow in the range of 19 kN/m 3 and 21 kN/m 3 and the flume slope of 7°to 13°.
e debris flow in this range was more consistent with the Bingham model [22] [23] [24] [25] [26] . Table 5 provides the results of the rheological properties of the debris flow [27] [28] .
We used Equations (14)- (21) to calculate the impact force of debris flow at three locations in Figure 2 (numbers 1, 2, and 3) and compared it with the actual measurement results. Figure 16 shows the results of the comparison between measured and predicted P, and its correlation coefficient is 0.91.
Case Study
e considered debris flow gully is a valley with an altitude of 1820 m∼3500 m and a basin area of 12.2 km 2 . Debris flows have been produced many times, which seriously threatens the local people's lives and property. To reduce the debris flow disaster, we proposed to build a debris dam in the circulation area of the debris flow. We used the following steps to design the spatial distribution of the debris flow impact load at the proposed dam:
(1) By measuring a large-scale topographic map, we determined that the debris flow gully had an average longitudinal slope J of 0.09. (2) According to the actual sample measurements, we determined that the bulk density of the debris ow c c was 21 kN/m 3 . (3) Based on the rheological experiments on the debris ow and considering the e ect of large particles in the eld, we determined that the debris ow viscous coe cient η was 50 Pa. We also determined that the debris ow yield stress τ B was 190 Pa. We used the ve points measured previously and t the piece-wise linear function h(x) −0.05x, x ≤ 0 and h(x) 0.05x, x≧0, whose independent variable span is −20 m ≤ x ≤ 20 m.
e thickness of the plug h 0 is 0.1 m according to Equation (13) , and the corresponding x b is −18 and x c 18.
Use Equations (6)- (9) to determine the form of k v as follows:
Next calculate the section discharge Q ′ of 132 m 3 /s by Equations (16)- (19) and make the calculated Q ′ equal to the design discharge Q.
en, determine the maximum mud depth H H ′ 1 m. v(x, y) Figure 18 shows the calculated results of the distribution of debris flow impact on a section.
Discussion
e Weakness of Our Proposed Method.
Although we carried out some experiments on impact force and drew some conclusions, the proposed method still has some weakness. First, there is an error in the measurement of the maximum impact force of debris flow. rough theoretical analysis, we can conclude that the maximum impact force of debris flow should occur at the mud depth where the surface velocity is the largest. Under different experimental combinations, the mud depth of debris flow will change, whereas the position of the sensors remains fixed. erefore, it is difficult to ensure that the center point of the sensor surface remains in the mud depth position of the debris flow. erefore, only the area near the mud depth position and the measured impact value deviate slightly. e result of the bottom sensor only can be approximated to be the maximum impact force.
Second, the calculation method of the distribution of debris flow impact on a section performs better for viscous debris flow, which obeys the rheology of the Bingham model. For other types of debris flow, a similar method can be used to calculate the distribution of debris flow impact on a section.
Future Plan to Improve the Current Study.
In our future study, we plan to use a flat panel collector to measure the impact force of debris flow. e advantage of the flat plate collector is that it can collect the maximum impact force within the section area even though the mud depth is changed. e temporal and spatial distribution of the impact process can be well reconstructed.
In addition, we plan to set up the sensors used in the field to measure the impact force data and the distribution of the debris flow under actual conditions and to compare these findings with experimental results to optimize the calculation method of the debris flow slurry impact and distribution.
Conclusion
We proposed a new method to calculate the maximum slurry impact force and the distribution through a laboratory flume experiment with various debris flow densities, mass volume, flume slopes, and dam front angles. We summarize the following conclusions from the results of the study:
(1) Our new calculation method for the maximum impact force of debris flow considers the characteristics of debris flows and gullies, which are directly related to the debris flow instantaneous velocity and relative bulk density, and provides the basis for the calculation of the distribution of the impact force of debris flow. (2) We consider the influence of debris flow channel sidewall as well as internal interactions and deduce the transverse distribution under the same mud depth. We propose a new method to calculate the reduction from the middle to the ends. Shock and Vibration 13 (3) We propose a calculation method for the distribution of the debris flow impact force on preventive engineering considering the sidewall effect and longitudinal mud depth and give an example to illustrate this calculation. (4) Our calculation method is based on the Bingham model, which is appropriate for the calculation of viscous debris flow but inadequate for other diluted debris flow. Additional methods and calculations will need to be developed to address this issue.
Our new calculation method is better to calculate the impact and velocity distribution of viscous debris flow. Moreover, our calculation method can be beneficial to improve preventive engineering efforts, resulting in improved safety and less loss of life and farmland. 
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